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Abstract
We propose a new mechanism for dynamical generation of the observed baryon asymmetry
within the minimal Standard model extended by massive Majorana neutrinos and non-
vanishing electroweak Chern-Simons term. We show that electroweak Chern-Simons number
is produced in the expanding universe due to the conformal anomaly and subsequently
converted into baryon number through the triangle anomaly.
In the Standard Model the conservation of B+L (baryonic + leptonic) current is violated
due to the quantum triangle anomaly,
∂µj
µ
B+L =
ng
16π2
W aµνW˜
aµν , (1)
while classically the above current is conserved. In (1) ng is the number of quark-lepton
generations and W˜ aµν = 1/2ǫµνρσW aρσ is a dual of the SU(2)L field strength tensor W
a
µν .
We have ignored in (1) the weak hypercharge and gravitational contributions which are
irrelevant for the subsequent discussion. The equation (1) tells us that the generation of
non-zero B + L charge, NB+L =
∫
d3xj0B+L, is related to the generation of the electroweak
Chern-Simons number,
NCS = − ng
8π2
∫
d3xǫijkTr
(
Wi∂jWk +
2i
3
WiWjWk
)
. (2)
Here Wµ = W
a
µT
a is SU(2)L vector potential with T
a being the generators of SU(2)L group,
Tr(T aT b) = 1
2
δab.
This interrelation between B+L charge and the electroweak Chern-Simons number is an
essential ingredient of the electroweak baryogenesis [1]. Two remaining Sakharov’s conditions
[2] for the dynamical baryogenesis are also satisfied, at least qualitatively, in the Standard
Model: CP is violated through the complex Cabibbo-Kobayashi-Maskawa (CKM) matrix,
and departure from thermal equilibrium is provided during the electroweak phase transition.
Quantitatively, however, the electroweak baryogenesis within the minimal Standard Model
cannot account for the observed baryon-to-entropy density ratio,
η =
nB
s
≈ 10−10. (3)
There are two basic reasons for this. First, the electroweak phase transition is not sufficiently
strongly first-order in order to prevent wash out of the generated baryon asymmetry, unless
the electroweak Higgs mass is below ∼ 45 GeV, which is ruled out by collider experiments.
Second, the CKM CP violation is too small for successful baryogenesis because its contri-
bution to η is suppressed by higher powers of Yukawa couplings. Thus, in order to generate
the desired baryon asymmetry (3) one must look for models beyond the standard particle
physics and/or cosmology (see e.g. [3] for a recent review and references therein).
So far we have only one experimentally established evidence for the physics beyond the
Standard Model. Namely, the anomalies in neutrino experiments most naturally can be
explained by their oscillations due to the tiny but non-zero masses. From the theoretical
perspectives it is also more natural to assume that massive neutrinos are Majorana particles.
Irrespective of the actual mass generation mechanism, Majorana masses for neutrinos can
be assumed to be originated from the effective interactions
1
2M
(LH)2, (4)
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where L and H denote left-handed lepton and the electroweak Higgs doublet fields (the
gauge and family structure is suppressed in (4)), respectively, while M is the effective mass
scale. This parameter must be such that upon the electroweak Higgs condensation, < H >≡
MEW ≃ 174 GeV Eqn. (4) reproduces the range of neutrino masses dictated by the oscillation
experiments. That is to say, the lowest possible value is M ≈ 1015 GeV for the heaviest
neutrino, e.g. mντ ≈ 0.1 eV. The effective interactions (4) violate lepton number, ∆L = 2,
while conserving baryon number and hence violate B + L.
Beside the interactions (ref4), we assume the existence of non-vanishing electroweak
Chern-Simons theta-term,
θEW
16π2
W aµνW˜
aµν , (5)
in the low-energy effective Lagrangian. This term provides for a new source of CP violation
in the Standard Model. Within the bosonic sector of the Standard Model, i.e. ignoring the
fermions, (5) appears in the effective Lagrangian due to the inter-vacua tunnelings provided
by SU(2)L instantons. If we add to the model only leptons with massive Majorana neutrinos
the θEW -term will be physical similar to the more familiar θQCD-term in the QCD with
massive quarks. Contrary to the case of θQCD, however, inclusion of massive quarks allows
to rotate away θEW . This is related to the existence of zero-modes of massive quark states
in the background of SU(2)L instantons [4], [5]. Speaking on the language of symmetries,
clasically conserved baryon number is responsible for the fact that θEW is unphysical. Hence
assuming physical effects from the θEW -term we keep in mind the existence of certain new
physics beyond the Standard Model at high energies that supports θEW . Actually, it is
more natural to expect the presence of θEW -term in the low-energy effective theory than
its absence. Indeed, almost all popular extensions of the Standard Model, such as Grand
Unified Theories, left-right symmetric models, etc., generally admit rather than forbid θEW -
term. Also, quantum gravity effects are expected to violate global numbers, including B and
L, hence removing zero-modes and making θEW physical. Finally, one can speculate that
fermionic zero-modes are removed because of non-trivial spatial topology of the universe
[6]. In such a universe θEW would be non-vanishing as well. All these possibilities might
indeed be realized in nature. Here we are not interested in the actual physics which stands
behind of non-zero θEW -term. In what follows we simply assume that this new physics itself
is essentially irrelevant for the generation of the observed baryon asymmetry. Its main effect
is to support non-vanishing θEW -term (5).
Adopting the above modification of the Standard Model which seems to be absolutely
minimal and perhaps even necessary in the view of current neutrino experiments and theo-
retical arguments given above, we are ready now to discuss a new scenario for the dynamical
generation of the observed baryon asymmetry. Namely, we will show that topological fluc-
tuations of SU(2)L weak gauge bosons in the expanding universe generate non-zero Chern-
Simons number (2) due to the quantum conformal anomaly. The Chern-Simons number
subsequently produces non-zero baryonic number through the triangle anomaly (1).
To see this more explicitly let us start by considering the Lagrangian for the W -bosons
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with electroweak θEW term included,
LW =
√−g
[
− 1
2g2
TrWµνW
µν − θEW
8π2
TrWµνW˜
µν
]
, (6)
in homogeneous, isotropic and spatially flat spacetime with line element given by,
ds2 = a(τ)
[
dτ 2 − dx2
]
. (7)
In (7) τ is the conformal time which is related to the cosmic time by dt = a(τ)dτ . Tree level
Lagrangian (6) have the same form in flat Minkowski space and in conformally flat spacetime
(7) due to the conformal invariance. However, the conformal invariance is anomalous, so that
the (one-loop) quantum corrections modify (6) as [7]-[9]:
LW = −
√−g
2
(
1
g2EW
− b
8π2
ln(
a
a0
)
)
TrWµνW
µν −
√−gθEW
8π2
TrWµνW˜
µν . (8)
The effect of conformal anomaly is seen in (8) as a scale-factor dependent running of effective
gauge coupling constant, g(a),
dg(a)
d ln a
=
b
16π2
g(a)3, (9)
where b is nothing but the group-theoretical factor one-loop beta-function, which accounts
for the contributions of all SU(2)L-doublet fields in the loop with masses less than the
expansion rate of the universe, i.e. m << H = a
′
a2
(a′ = da/dτ) (b = 4ng
3
+ nh
6
− 22
3
,
where ng is the number of quark-lepton generations and nh is the number of electroweak
Higgs bosons). Once the expansion rate drops below the mass of a given particle this
particle decouples, and, eventually, when b = 0, the effective gauge coupling g(a) freezes to a
constant value which we observe at colliders, i.e. α(MEW )
−1
EW =
4pi
g2
EW
≈ 29. This happens at
a scales corresponding to the electroweak phase transition, MEW ≃ 174 GeV. Since within
the standard hot big bang theory H ≈ 17T 2/Mp, in the epoch where time variation of the
gauge coupling stops the universe was still rather hot, T0 ≈ 1010 GeV. The time variation
of the electroweak coupling constant described by Eq. (9) turns out to be absolutely crucial
for our mechanism of baryogenesis. It provides out-of-equilibrium generation of non-zero
Chern-Simons number. To see this explicitly let us write down the equation of motion which
follows from the Lagrangian (8) in the linearized approximation:
[
∂2τ − ∂2l
]
Wi + aH
bθEW
π
α2(a)ǫijk∂
jW k = 0 (10)
where we have used the rescaled field strengthWµν →
(
1
g2
− b
8pi2
ln( a
a0
)
)
Wµν and have chosen
the gauge W0 = ∂iWi = 0. In this form the above equation formally is similar to the
equation of motion of the Abelian gauge field coupled to axionic field. The latter model has
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been studied in the context of generation of cosmic magnetic field (see e.g., [10]-[13]). The
equation for the circular polarized mode functions, Fβ(τ),
Wi(τ,x) = Σβ
∫ d3k
(2π)3/2
×
[
Fβ(τ)ǫiβaβ(k)e
ikx + F ∗β (τ)ǫ
∗
iβa
+
β (k)e
−ikx
]
,
(11)
(β = +,− labels two circular polarizations) can be written as:
F ′′± +
(
k2 ∓ aH bθEW
π
α2(a)k
)
F± = 0. (12)
The creation and annihilation operators, a+β (k) and aβ(k) in (11), satisfy bosonic commuta-
tion relations, [aβ(k), a
+
β′(k
′)] = δββ′δ(k− k′) and [aβ(k), aβ′(k′)] = [a+β (k), a+β′(k′)] = 0.
In radiation dominated era we have a(τ) ∝ τ , aH = 1/τ . Ignoring the logarithmic scale-
variation of gauge coupling constant in (12) we set α(a) ≈ αEW . The solutions then can be
expressed in terms of Whittaker functions:
F±(τ) =
e∓
pi
2
Θ
√
2k
W±Θ,1/2(2ikτ), (13)
where Θ = b
2pi
θEWα
2
EW . When the universe cools down the temperatures T < 10
10 GeV,
b = 0 in (12) and the solutions are plane waves, F±(τ) = 1√
2k
exp(−ikτ). In order to preserve
canonical commutation relations among the creation and annihilation operators b+β and bβ ,
we smoothly match the solutions at τ = τ0. Actually, we are interested in large wave-length
fluctuations (k|τ | → 0) only,
F±(τ) ≈= e
∓ 1
4
θEWα
2
EW√
2k
(for τ < τ0), (14)
since the small wave-length fluctuations k|τ | → ∞ essentially are plane waves and hence their
contribution to the Chern-Simons number density is subdominant. For large wave-length
fluctuations the Bogoliubov transformations are particularly simple:
bβ(k) =
e−βpiΘ/2
2
[
aβ(k) + a
+
β (k)
]
. (15)
Now it is straightforward to calculate integrated Chern-Simons number density:
nCS(τ0) ≈ −ngαEW
2π
∫ τ0
0
dτ < ǫijkTrWi∂jWk >
≈ −ngαEWΘ
2π2
∫ τ0
0
dτ
∫ Λ
0
k2dkδ(kτ) = −ngαEWΘΛ
3
6π2
, (16)
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where Λ is a UV (conformal) momentum cut-off. As we have discussed, the Chern-Simons
number is fully converted into a B + L charge, i.e. nB+L = nCS.
Now let us discuss the faith of B + L generated through the electroweak Chern-Simons
number. When the universe cools down below T0 ≈ 1010 GeV, the effective gauge coupling
freezes out and hence B + L production stops. However, equilibrium ∆L = 2 processes
described by the interactions (4), i.e. L + H → L¯ + H+, are also in action at certain
stage [14]. This happens when the rate of ∆L = 2 reactions, Γ∆L=2 ≈ 0.12T 34piM2 , exceeds the
expansion rate of the universe, Γ∆L=2 > H , i.e. when the temperature of the universe is
T > 1014 GeV. An important point is that at such higher temperatures the rate of the
electroweak shpaleron-induced B + L violating processes are relatively suppressed. This
means that only L-number will be washed out, leaving baryonic charge, nB ≈ nB+L/2,
untouched in the anomaly-generated nB+L. Finally, at temperatures T < 10
12 GeV the rate
of B + L reactions due to the shpalerons, Γshp ≈ 2 · 102α5EWT , overcome the expansion rate
of the universe and become dominating, while ∆L = 2 reactions decouple. The effects of
shpalerons in equilibrium is to convert part of the baryonic charge into leptonic charge. The
amount of the survived baryonic charge is given by [15]:
nB =
4ng + 2nh
22ng + 13nh
nB+L (17)
In radiation dominated universe the entropy density is s = 2pi
2
45
NeffT
3, where Neff is an
effective number of massless (m ≪ T ) degrees of freedom. Hence, in the Standard Model
with ng = 3 generations of quarks and leptons, nh = 1 electroweak Higgs doublet, the
effective number of degrees of freedom is Neff ≈ 100. With these numbers at hand, and
assuming no significant entropy production during the matter dominated era, we estimate
for the baryon number (17) to entropy density ratio to be:
nB
s
=
5
16π5
ng(4ng + 2nh)(8ng + hh/2− 44)
22ng + 13nh
×
Neffα
3
EWθEW
(
Λ
T
)3
≈ 4.1 · 10−5θEW
(
Λ
T
)3
. (18)
Thus, depending on the ratio Λ/T and on electroweak θEW parameter, it is possible to create
baryon asymmetry of the desired amount (2) in our scenario.
In conclusion, we have proposed new mechanism for the dynamical baryogenesis within
the Standard Model with massive Majorana neutrinos. The key effects come from the quan-
tum anomalies. The conformal anomaly is responsible for the out-of-equilibrium generation
of the electroweak Chern-Simons number which is subsequently converted into baryonic
charge due to the triangle anomaly. Resulting baryonic charge survives during the evolution
of the universe and can be easily accomodated with the empirical value of baryon asymmetry.
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